However, the calculation shows that the OAM retrieving would get lost at larger angles, reducing the fidelity of such storing-retrieving process. In addition, we have also observed that by applying an external magnetic field to the atomic ensemble the retrieved OAM presents Larmor oscillations, demonstrating the possibility of its manipulation and off-axis retrieval.
Introduction
Light beams carrying orbital angular momentum have attracted a great interest in recent years owing to several possibilities of applications, ranging from the mechanical manipulation of macroscopic particles to the encoding of quantum information [1, 2] . The direct observation of the transfer of quantized OAM of light to a Bose-Einstein condensate was also demonstrated in [8] . A family of these light beams is constituted by Laguerre-Gaussian (LG) modes. They are specified by an integer number , given the topological charge, associated to the helicoidal phase structure and corresponding to an OAM per pho-
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ton equal to h [3] . LG modes constitute a basis and are used to encode information, each LG mode being a bit. It was predicted in [4] that for quantum information and computation purposes the use of multidimensional state space, as the one spanned by OAM of LG modes, leads to a more efficient quantum processing. Therefore, the capability to store, manipulate and retrieve different OAM quantum states is of crucial importance.
Similarly to other states of light, the quantum information encoded in modes with OAM can be stored in an atomic ensemble through the light-atom interaction. The nonlinear interaction of LG beams with atomic systems has been investigated via four-wave mixing processes [5] and the corresponding conservation of OAM demonstrated both in cold and thermal atoms [6, 7] . The storage of OAM in cold and thermal atomic ensembles was also previously demonstrated, both in the classical [9, 10] and single photon [11, 12] regimes. In the context of quantum computing, the generation of twin light beams carrying OAM with quantum intensity correlation have been demonstrated through four wave mixing (FWM) in thermal rubidium vapor [13] and also the entanglement of the OAM of photon pairs [14, 15] . OAM storage/retrieval is in a sense similar to images storage/retrieval recently investigated with FWM process [16] .
The experiments previously done on OAM storage and retrieval mainly used a collinear configuration where the retrieving beam was collinear to the incident OAMencoded input. With this geometry, the conservation of OAM was a natural deduction. Retrieving OAM in a direction which is different from the OAM-encoded input one is an important issue associated with quantum memories for OAM states not only concerning the open question of conservation of OAM in such case, but also the possibility to separate the writing axis from the retrieving one, as well as to distribute OAM-encoded information along different directions in space.
In this work we investigate, both experimentally and theoretically, the off-axis retrieval of OAM stored in cold cesium atoms. Our experimental configuration makes use of the holographic interpretation of the FWM process with two grating writing beams corresponding to an OAMencoded beam and a gaussian beam and a time delayed gaussian reading beam generating the OAM retrieval along a direction different from the OAM-encoded input beam. The retrieving direction makes a small angle with the input one. We experimentally show that, after a storage time of some micro-seconds, the OAM is conserved in the case of a small angle . We also demonstrate that a superposition of an OAM mode ( = 0) with a gaussian one ( = 0) is also stored/retrieved with a good fidelity. The OAM conservation law holds for angles of order of some degrees, therefore allowing the spatial separation of the two beams (encoded and retrieved ones), which can be of considerable practical importance. It is worth noticing that our experiment differs from the one in [7] because even if a non-collinear transfer of OAM Off-axis retrieval of orbital angular momentum of light... Performing a mode decomposition of the retrieved beam (tilted OAM beam) we have studied the effect of the angle value on the purity of the retrieved mode. The calculations show that at angles larger than some degrees the purity is degraded. It gives a limitation of the offaxis retrieval method and also shows that the results obtained in [7] can not be generalized for arbitrary values of angles. The conservation of OAM had also been analyzed in spontaneous parametric down conversion where the pump, signal and idler beams were not collinear [17, 18] .
In this different situation the analysis had shown that although the OAM conservation law is verified for small angles between the pump beam and the signal and idler beams, the law is violated when the generated beams make large angles with the pump beam.
Finally we report on the observation of Larmor oscillation of the stored OAM in the presence of an external magnetic field, which also demonstrates that the retrieval of the stored OAM along a different direction is possible after its manipulation.
Experimental results
The experiment is performed in cold cesium atoms obtained from a MOT. We employ the degenerate twolevel system associated with the cesium hyperfine tran- 
Theoretical mode decomposition
The theoretical analysis is based on a previous work [19] , which showed that the retrieved field originates from the diffraction of the reading beam into the Zeeman coherence grating and is determined by the optical coherence [10, 19] , which in the low intensity limit is given by:
where, according to Fig. 1 
Such a law, which would have to be vectorial, and cannot be scalar as in [7] , requires at minimum that there are no depolarizing processes [21] and that finally the exchange of OAM between light and atoms, which is usually distributed be- 
where w 0 and E 0 are, respectively, the beam waist and LG p =0 (ρ , φ ) modes, defined in terms of a new cylindrical coordinate system (ρ , φ , z ), obtained by rotating the original coordinate system by an angle θ around the x axis, which is orthogonal to both z and z axes defined in Fig. 1 . The two cylindrical coordinates are simply related and using the orthogonality relation for
LG modes associated with different azimuthal indices,
we have numerically calculated, at the plane z = 0, the corresponding decomposition for different values of the incident topological charge and different angles θ. In In the calculation, the ratio between the waists of beams W and W is 1.4, consistent with the experimental value.
Conclusion
In summary, we have experimentally demonstrated that light OAM can be stored in an atomic ensemble and retrieved along a nearly different direction. Although the experimental demonstration was restricted to small angle, a mode decomposition calculation shows that the OAM off-axis transfer would work for angles as large as 
